Introduction
Honeycomb constructions are the most widely used materials in contemporary aviation and space technology. They are the basis for the housings of practically all products of this sector, where reliability of all parts should meet the increased requirements. Special attention is paid to the quality of composite materials and to the absence of defects such as the places of adhesion failure (exfoliation) between the skin and the honeycomb filler [1] .
It is known that to detect the defects of this type, it is promising to apply thermal flaw detection [2] , which combines high sensitivity to detection of flaws of this kind with a high rate of control [3] (with the use of a thermal imaging system as a recorder).
However, in comparison with other methods of nondestructive control, the use of thermal control is connected with a number of factors, which complicate its application. The main problems of application of thermal nondestructive control (TNC) are both the existence of a large quantity of noises and interferences of different nature and the fact that the thermal flaw detection is conducted, as a rule, not under optimum regimes, which substantially worsens detectability of flaws and limits reliability of control results. As a result, a wide range of objects (first of all, composition structures), for the flaw detection of which the thermal method is the most promising, is not controlled efficiently enough, which does not ensure necessary quality and reliability in operation.
Therefore, increase in the efficiency and reliability of thermal flaw detection, based on in-depth analysis of the processes of detecting defects and development of the principles of optimization of both the procedure of control and subsequent processing of the obtained information, is an important and relevant task.
Literature review and problem statement
The main task of thermal control is establishment of correlation between a registered temperature field of an object of control and parameters of internal structure of the object, which is revealed owing to uneven propagation of heat flow [4] . Heat propagation has the form of heat exchange between the bodies, which have different temperatures. There are three different ways of heat transfer: thermal conductivity, convection and radiation. In practice, all three are applicable, but to THE PROCEDURE  OF THERMAL FLAW  DETECTION OF  THE HONEYCOMB  CONSTRUCTIONS  BY IMPROVING  THE ACCURACY  OF INTERFERENCE  FUNCTION 
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Postgraduate student* Е-mail: shoor_80@mail.ru a different degree, which is determined by specific initial and boundary conditions [5] . To establish a correlation between a registered temperature field of the object of control and parameters of internal structure, an appropriate thermophysical model is created [6] . The use of the selected thermophysical model together with experimental data makes it possible to establish the required parameters of a flaw [7] , namely, its dimensions, disclosure and depth of bedding.
R . O r e l
But the use of the procedure of thermal flaw detection is complicated by existence of the noises, which by magnitude can be compared with a useful signal [8] and essentially complicate the procedure of TNC. In our case, there are four kinds of noises: externally produced, hardware, internally produced interference and random noise [9] .
An externally produced interference is created by the thermal flow of the environment, either reflected from a control object or falling directly into the entrance pupil of the thermal imaging system. The sources of this noise are heaters, the Sun, air stoves, lamps of electrical illumination, etc. Direct radiation is usually removed with the use of blends, screens and filters [10] ; a similar method is rather effective under laboratory conditions, but is not always implemented under industrial conditions. Radiation in the infrared range, caused by reflection from the object of control of the working parts of the plant is more difficult to remove [11] . In the active TC, the main source of external noise is a heater [12] and inhomogeneity of radiation capacity of the object of control (OC) [13] . The heterogeneity of thermal field of a heater is, as a rule, compensated for by additional study of the heater itself [12] ; however, this method is not applicable if a heater is located inside the unit or a working substance serves as a heater. Reduction in the noise influence, caused by inhomogeneity of radiation ability of OC, is achieved due to the optimization of the TNC procedure by the signal/noise criterion [13] ; the method is rather efficient if there are no other multiplicative noises; besides, this method ignores additive noises.
There is a whole range of methods used for the suppression of these interferences but they have a number of drawbacks or are not applicable under certain conditions. Thus, the «heat wave» method effectively suppresses interferences, caused by internal inhomogeneity of the sample, and restores the profile of a layer [14] , but it requires the end heating, which it is not possible for extended objects. The method «Shape from heating» works well on cylindrical objects [15] , but it is not applicable for the objects of another form because of specific character of its design. The joint use of the methods "SUSAN" and "Roberts" [16] filters the noise, caused by a reflected signal, but it requires the use of additional data, obtained from the same position, which is feasible only at the thermal imaging systems with aligned lens.
It follows from this that the existing methods are not optimum for the suppression of the complex of interferences, characteristic for the tested sample, or require additional studies. For this reason, the TNC accuracy is decreased and its automation becomes difficult.
In all the methods described above, each interference is examined separately, without taking into account their mutual effect.
Aim and objectives of the study
The purpose of the work is the increase in sensitivity and reliability of thermal flaw detection by suppression of interferences and noises by optimization of the control procedure with subsequent processing of the obtained results based on the example of controlling the honeycomb structures.
To achieve the aim, the following tasks were set: -to analyze factors, which limit sensitivity and reliability of TFD, as well as the existing methods of dealing with them;
-to build up a thermophysical model, adequate to real objects and to the conditions for conducting TFD, to explore basic flaw detection processes and to establish optimum regimes of conducting TFD by optimization criterion -maximization of ratio "signal/interference" on the basis of the created thermophysical model;
-to implement the method of optimization of TFD procedure by the criterion of maximum of "signal/interference" in the form of procedure allowing calculating optimum control modes, as well as processing the obtained information by decreasing the interference level.
Theoretical studies
1. Calculation by the thermophysical model
A multilayer plate was chosen as a thermophysical model of the object of control (OC), which adequately reflects actual design of the honeycomb structure, which consists of carbon plastic skin, between two layers of which the honeycombed plastic is placed (Fig. 1) .
Inhomogeneities such as the adhesion failure between the skin and the honeycombed plastic, simulated by the air layer, and an interference of the "inhomogeneity of glue layer" type, simulated by inclusion of a foreign material in the honeycombed plastic, are also given in Fig. 1 . Cylindrical coordinate system is used for the calculations by the thermophysical model: r is the radial coordinate; z is the vertical coordinate, φ is the angular coordinate.
A number of interferences, such as nonuniformity of radiation capacity of the sample's surface and the "edge effect" are simulated separately [3, 5] .
For efficient interference suppression, they were divided into two groups, the first one, with regard to its properties [3, 5] , is suppressed by optimization of the control regime, and the second one -by subsequent mathematical processing of the obtained thermograms, by sequential filtration.
Calculations by the thermo-physical model were performed by two methods and were also compared to the data, obtained as a result of the experiment, on several different samples. In the selected thermophysical model, the layer of honeycomb plastic (Fig. 2) was substituted by the equivalent layer with thermophysical characteristics c′, ρ′, λ′, described by the following equations.
where V 1 is the polymer volume; V 2 is the air volume; c′, ρ′, λ′ are the thermophysical characteristics (ТPC) of equivalent layer; c 1 , ρ 1 , λ 1 are the thermophysical characteristics of polymer; c 2 , ρ 2 , λ 2 are the thermophysical characteristics of air.
Fig. 2. Scheme of honeycomb plastic layers
Thermophysical model (Fig. 1) was built by the given geometric model and was set by boundary conditions (4)-(6), reflecting actual conditions for conducting TFD [1] , that is, heating OC by external heat source, heat exchange with the environment with a coefficient.
On the external OC surfaces, the boundary conditions of the 2 nd and 3 rd types are satisfied:
-for z=H
-for z=h
T (r,t) T (r,t) (r,T,t) (r,T,t) , n S n S (6) where T(x, y, τ) is the coordinate-time function of temperature; λ is the coefficient of thermal conductivity of the OC materials; q is the density of heat flow, from the external source (heater); ρ is the density of the OC materials.
A special feature of this model, in contrast to a number of the known models [1, 2] , is the simultaneous use of both heat release from the heated surface and the calculation of thermal conductivity through the flaw α (air).
Analysis of the constructed thermophysical model is conducted by the method of solution of differential equation of non-stationary thermal conductivity, recorded for the selected cylindrical coordinate system:
where c is the specific heat capacity of the OC materials; ρ is the density. To solve equation (7), the numerical (grid) method of finite differences and the finite elements method were used.
For its implementation, the "TermoPro_2009S" software package [17] , earlier developed by Authors, was used, it enabled calculation of the optimum modes of controlling laminar structures, to simulate the signal and interference on the OC surface. The reference data on one of the varieties of honeycomb structures were used as numerical material (Table 1) . Numerical parameters of the simulated flaw (air layer) were selected as follows: h=0,8 (which corresponds to thickness of the skin), disclosure (thickness) δ=0,2 mm (corresponds to thickness of the glue layer), transverse size l=5 mm (corresponds to size of two cells).
Analysis of the developed thermophysical model was carried out employing the procedure, embedded in the above indicated software package, namely: equation (7) with boundary conditions (4)-(6) was solved, and the required value was the temperature contrast ΔT on the OC surface above the flaw bedding place [1] . In this case, parameters of the mode of conducting TFD varied: density of heat flow q, duration of heating the OC surface τ q , the time lag of τ q (time interval between the end of heating and registration of temperature field). In this case, maximum temperature of heating the OC surface was limited by the value of 100 • С (for avoiding destruction of the material).
From the obtained array of values, the optimum TFD regime was determined (by the criterion ΔТ→ΔТ max ), TFD regime is given in Table 2 . Let us note that in this case the mode is not final since optimization by the criterion "signal/interference" was not carried out yet.
2. Decrease in the influence of interferences from the first group on the determining of optimum control mode
The main task of this part of the study is analysis of the influence of nonuniformity of the OC radiation capacity ε on the flaw detection.
To solve this problem, the change in the heating power q was used, equivalent to the change ε. Actually, if, for example, in some section of the surface of the control object ε deviates to the larger side, then the heating of this section, that is, Т max , will be larger.
Results of this simulation are given in Fig. 3 , where the development of the surface temperature for two cases over time is presented: Fig. 3 , a is the faultless model with deviation by ε; Fig. 3, b -model Comparison of the presented dependencies demonstrates that the moments of time, which correspond to the maximum values of the interference ∆Т ε and the useful signal ∆Т def , do not coincide: the signal from the interference reaches a maximum immediately after heating, and the useful signal -with a certain time lag τ l .
This fact opens up a possibility to maximize the ratio signal/noise (that is, ∆Т def /∆Т ε ) via selection of the optimum time of registration of temperature field on the surface of the control object.
This conclusion is also valid for the interferences of another type -uneven heating of the OC surface, that is, fluctuation q.
Thus, let us form "interference function" U(x, y, τ) that considers additive and multiplicative interferences (8) for improving the accuracy of calculation of the optimum control mode [4, 7] .
where M is the multiplicative interference; A is the additive interference; T(x, y, τ) is the distribution of the calculated temperature field of OC. Thus, obtaining the maximum value of criterion ∆Т def /∆U, instead of the criterion ∆Т def /∆Т ε , we obtain a more accurate value of registration time for the optimum control mode.
In particular, according to data in Fig. 3 , b, when selecting the time lag τ l =6,35 s, the signal/noise ratio equals 0,4, and at τ l =6,65 s, this ratio reaches 2,6, that is, it is 6,5 times larger.
The developed model makes it possible not only to optimize control mode in terms of the indicated criterion, but also to determine the response threshold of the method.
Experimental studies of the honeycomb construction
To verify the results, obtained theoretically, we carried out experiments using the sample of a honeycomb construction, the parameters of which are given in Table 1 . The sample contained two identified flaws with sizes given in Fig. 4 . In the upper right and the lower left lower area of OC: 1) 40×70 (mm); 2) 20×80 (mm).
The rest of the parameters corresponded to the calculated ones: depth h=0.8 mm, disclosure δ=0,2 mm.
Fig. 4. Scheme of location of flaws in the sample
To conduct the experiments, we used the thermal imaging system IRTIS-200, the area heater of radiation type, created by Authors, which is controlled by the timer (heating area of the heater, that is, frame, is 15×15 cm, nonuniformity of heating by the frame field is 12 %).
To check the optimality of the calculated control mode, a series of thermograms was obtained: in the optimum control regime, before and after it. Two of them are given for illustration in Fig. 5 .
It can be seen from the thermograms that in the optimum regime, the thermal contrast, caused by the flaw, is substantially higher (∆Т=1,53 о С) than in the non-optimal regime (∆Т=0,54 о С). The difference between the experimentally obtained value (∆Т=1,53 о С) and the calculated one (∆Т=1,73 о С) is within error limits. In this case, the experimentally obtained value ∆Т(1,53) is very close to the calculated one (1, 73) .
However, in this case, together with the useful signal on the thermograms, there are some temperature contrasts, caused by interferences (noise signal). The magnitudes of temperature contrasts, caused by interferences, are comparable by magnitude to the useful signal (∆Т def =1,36 о С). If we use an amplitude sign for identification, the reliability of their detection will be low. To compensate for the nonuniformity of heating, it is proposed to use normalization of inverse distribution function q(x, y) by the frame area. For this purpose, it is necessary to experimentally obtain distribution function q(x, y). Then we should use computer processing of thermograms on the basis of equation (9), as a result of which, the nonuniformity of heating is decreased to 4-6 % (Fig. 6) .
where F is the matrix of values of thermogram temperatures; F' is the matrix of corrected values T; q is the matrix of values of heating power; q max is the maximum element q. The thermogram, presented in Fig. 6 , displays that the signal became more powerful but the flaw still cannot be unambiguously identified with regard to the fact that the thermogram still has interferences of the second group, which cannot be removed by optimization of the control regime, namely, the interference, caused by the nonuniformity of the glue layer. a b Fig. 6 . Thermograms of the control object: a -before correction; b -after its execution
2. Removing the interference, caused by inhomogeneity of the glue layer
The inhomogeneity of the glue layer is equivalent to the change in thermal resistance and leads to the occurrence of temperature contrasts on the OC surface. Analysis of the obtained experimental data revealed that these contrasts are different from the useful signal (∆T caused by a flaw) by the time dependence ∆T(τ). This fact was used for constructing the method of suppression of this interference by a computer processing of thermograms using construction ∂Т(x)/∂τ from x for the interference (Fig. 7) , and for the underlying flaw (Fig. 8) .
As it can be seen from Fig. 7, 8 , these functions are easily distinguished, which became the basis of the method.
The essence of the method lies in the calculation of a two-dimensional matrix, the elements of which are the corresponding partial derivatives of time (10):
where F΄ i,j is the matrix element of corrected temperatures; i, j are the integral numbers, the number of the corresponding pixel along x and y; F i,j is the characteristic matrix. After deciphering F i,j , using dependencies, given in Fig. 7, 8 , we obtain the final view of the thermogram after processing (Fig. 9) . Comparison of this thermogram with the original one (Fig. 3, a) confirms the fact that the reliability of flaw detection substantially increased after processing.
This creates all prerequisites in order to proceed, under industrial conditions, from the visual method of flaw identification to the automated method, based on the appropriate technical tools.
Analysis of the obtained results
We proposed methods for dealing with interferences, caused by the nonuniformity of heating, inhomogeneity of radiation capacity of the sample's surface and the inhomogeneity of the glue layer both by optimization of the control method and by processing of the obtained results, in particular, using the algorithm of differential filtration.
As a result of application of the proposed methods, we managed to decrease the level of interferences, connected to the nonuniformity of heating, to 0,7 °C (instead of 1,4 °C), to decrease the interference, caused by the nonuniformity of radiation activity, to 0,6 °C (instead of 2 °C) and to decrease temperature contrast, caused by the inhomogeneity of the glue layer, to 0,2 °C (instead of 1,2 °C). Due to this, the sensitivity of thermal flaw detection to identifying the flaws of the "adhesion failure" type in the honeycomb structures increased -dimension of threshold defect from 6 mm to 3 mm, and reliability of their detection increased by 17-20 %.
In the work we obtained new, scientifically substantiated, theoretical and experimental results, which in total are the solution to the practical scientific problem of optimization of procedure of the thermal flaw detection of honeycomb constructions by increasing the accuracy of function of interferences to the objects of aerospace sector of engineering.
Conclusions
1. There was developed a thermophysical model of OC, which, in comparison with the analogs, more fully reflects actual conditions of conducting the thermal flaw detection of honeycomb constructions. In particular, the interferences, caused by the inhomogeneity of internal structure, are included in the model. This makes it possible to evaluate the expected magnitude of signal from a flaw with higher reliability.
2. We proposed the procedure of optimization of the regime of conducting thermal flaw detection, based on the criterion of maximization of the ratio ∆Т def /∆U, not the ratio ∆Т def /∆Т ε , which makes it possible to extend the limits of this method's applicability for the case of existence of several radiation interferences.
3. The method of dealing with the interference, caused by the inhomogeneity of the glue layer, by processing the obtained results by the algorithm of differential filtration, was proposed.
